Right ventricular (RV) afterload consists of both resistive and capacitive (pulsatile) components. Total afterload can be measured directly with pulmonary artery input impedance spectra or estimated, either with lumped-parameter modeling or by pressure-volume analysis. However, the inverse, hyperbolic relationship between resistance and compliance in the lung would suggest that the pulsatile components are a predictable and constant proportion of the resistive load in most situations, meaning that total RV load can be estimated from mean resistive load alone. Exceptions include elevations in left atrial pressures and, to a lesser extent, chronic thromboembolic disease. The pulsatile components may also play a more significant role at normal or near-normal pulmonary artery pressures. Measures of coupling between RV afterload and RV contractility may provide important information not apparent by other clinical and hemodynamic measures. Future research should be aimed at development of noninvasive measures of coupling.
Right ventricular (RV) failure is an important cause of morbidity and mortality in pulmonary hypertension (PH). 1 Therefore, understanding and assessing the load that the right ventricle must overcome to eject blood is vital. In its purest sense, RV afterload is the RV wall stress that occurs during RV ejection. By LaPlace's law, wall stress is proportional to the pressure during RV ejection (P EJ ) Â radius (R EJ ) of the wall divided by the wall thickness (H EJ ). This, of course, is an estimate, since the right ventricle is not a true sphere. Because the ventricular radius during ejection is generally small and wall thickness is relatively constant, the wall stress is generally proportional to the RV pressure during ejection. The RV pressure during ejection is determined by several components: (1) mean resistance, or resistance to blood flow during steady state; (2) the compliance, or blood storage capacity of the vascular system; (3) arterial wave reflections that occur as a result of pulsatile blood flow; and (4) the inertance of blood during ejection. Therefore, clinical measures commonly obtained during right heart catheterization, such as mean pulmonary artery pressure (mPAP) and pulmonary vascular resistance (PVR), may be inadequate descriptions of RV afterload be-cause they do not take into account contributions of pulsatile loading.
MEASURING RV AFTERLOAD
Pulmonary artery input impedance is the most comprehensive description of RV vascular load and takes into account all of the four components mentioned above. Milnor and O'Rourke 2 were the first to measure pulmonary artery input impedance in the human, in 1969. Impedance is measured in the frequency domain rather than the time domain, requiring Fourier analysis of simultaneous measures of pressure and flow. A graph of modulus (amplitude of pressure/amplitude of flow) and phase (delay between flow and pressure) is created and plotted against frequency (harmonics), typically multiples of the heart rate. An example of pulmonary impedance spectra is shown in Figure 1 . The impedance at the zero harmonic (Z 0 ) is equivalent to resistance at steady state flow, or the ratio of mean pressure to mean flow. As opposed to the systemic circulation where right atrial pressure is negligible compared to systemic mean pressure, the magnitude of left atrial pressure may be significant when compared to mPAP. Most authors have proposed that the left atrial pressure measurement should be subtracted from mPAP, i.e., PVR, before calculation of Z 0 and Fourier transformation at other frequencies. [2] [3] [4] [5] [6] However, other studies have included the effects of left atrial pressure on mean pressure, i.e., total pulmonary resistance, during impedance analysis. 7, 8 This consideration may be particularly relevant when considering patients with WHO (World Health Organization) group II PH who have elevated left atrial pressures. The impedance at the first harmonic (Z 1 ) accounts for a large portion of total blood flow and is an important fraction of total load. 3, 9 It is largely influenced by wave reflections and is believed to represent a significant portion of pulsatile load. The sum of impedance at higher frequencies has been termed characteristic impedance (Z C ; usually ≥2 Hz; 2-12 Hz in this example). The characteristic impedance is the ratio of blood mass inertia to the proximal vessel compliance. The frequency of the first minimum impedance ( f MIN ) is a function of pulse wave velocity as well as the distance to the major sites of reflection. Calculation of other useful parameters, such as reflection coefficients and the ratio of forward to backward waves, may be obtained. By integrating the product of pressure and flow obtained in the impedance spectrum, total hydraulic power (power ¼ work performed/unit time) can be estimated. 2, 9 Oscillatory (pulsatile) power can be calculated by subtracting mean power (mPAP Â cardiac output) from total hydraulic power. This oscillatory power generated to account for the pulsatile load is wasted, in the sense that it does not contribute to forward flow. With development of PH, Z 0 and Z 1 will increase, Z MIN will shift toward higher frequencies, and hydraulic power will increase. 10 It should be noted that there is still some controversy about the interpretation of impedance data.
Pulmonary impedance is difficult both to measure and to interpret. In order to present impedance data in a more simple and concise format, lumped-parameter models based on electric circuits were developed to mimic impedance and estimate RV afterload. These lumped parameters may also be estimated by means other than impedance spectra that are more easily obtained clinically. One such model is the 3-element Windkessel model developed by Westerhof (Fig. 2 ), 11 which includes resistance, compliance, and characteristic impedance ( Fig. 3 ). In this model, characteristic impedance functions as a proximal, in-series resistor with resistance (resistor) and compliance (capacitor) in parallel. This model and other versions have been shown to be a reasonable way to describe pulmonary input impedance. 12 More recently, wave intensity analysis has been used to describe afterload. As opposed to impedance spectra, it is a time domain-based model that represents pressure and velocity waveforms as successive wave fronts, specifically, simultaneous forward and backward waves that can be quantitated. 13 In the pulmonary circulation, this type of analysis has been limited to animal studies. 14 RV afterload can also be described on a pressure-volume loop as the sum of RV systolic pressure occurring throughout ejection. This summation is illustrated in Figure 3A . First described in the left ventricle, effective arterial elastance (E A ) is another lumped parameter that should Figure 1 . Example of pulmonary artery impedance spectra after Fourier transformation: modulus (amplitude of pressure divided by amplitude of flow) is plotted against frequency. Z 0 is equivalent to the ratio mean pressure/mean flow; Z 1 (impedance at the first harmonic) represents a significant amount of total blood flow and is largely influenced by wave reflection; Z C (characteristic impedance) is the ratio of blood mass inertia to the proximal vessel compliance; f MIN (frequency at the first impedance minimum) is a function of pulse wave velocity as well as the distance to the major sites of reflection. take into account both resistive and pulsatile loading and can be calculated as end-systolic pressure/stroke volume ( Fig. 3B ). 15 This type of analysis has the added benefit of matching afterload to measures of load-independent contractility when preload is reduced (end-systolic elastance, E ES ), providing information on RV-pulmonary vascular coupling (E ES /E A ; Fig. 4 ). Although RV pressure-volume analysis is regularly performed in animals, reports of its use in humans are more limited in the literature. [16] [17] [18] However, this type of analysis is feasible and valuable. We recently reported its use to compare ventricular contractility and afterload in patients with systemic sclerosisassociated pulmonary arterial hypertension (SScPAH) and idiopathic pulmonary arterial hypertension (IPAH). 19 At similar levels of afterload, we found depressed myocardial contractility in the SScPAH group, compared to the IPAH group. Therefore, significant ventricular-vascular uncoupling of the SScPAH group was present, compared to he IPAH group as well as to a group of systemic sclerosis patients without PH. The differences in contractile function were not apparent by other clinical, hemodynamic, or radiologic measures, speaking to the importance of directly measuring ventricular-vascular coupling. Unfortunately, simplified approaches using single-beat estimates to calculate contractile and coupling measures have yielded disappointing results. 20 It is clear that the volume intercept (V 0 ) of the end-systolic pressure-volume relationship cannot be assumed to be 0 in pulmonary arterial hypertension. 19, 20 In keeping with this fact, simplified methods to estimate E ES that ignore V 0 (mPAP/end-systolic volume [ESV] or systolic pulmonary artery pressure/ESV) are inaccurate.
THE RESISTANCE-COMPLIANCE (R-C ) RELATIONSHIP IN THE LUNG VASCULATURE
Using the 3-element Windkessel model, Lankhaar and colleagues 21 were the first to show that the relationship be- Figure 3 . A, Right ventricular (RV) pressure-volume loop. The width of the loop is stroke volume (dashed line). RV afterload can be described as the sum of RV pressures throughout ejection (gray line). B, Effective arterial elastance (E A ), a lumped measure of afterload, is the slope of the gray line connecting the points (end-systolic pressures, end-systolic volume) and (0, end-diastolic pressure). E A is calculated as end-systolic pressure/ stroke volume. PV: pulmonary valve. tween resistance and compliance in the lung vasculature is quite different from that in the systemic vasculature. In a study of 29 patients, 10 with IPAH, 9 with chronic thromboembolic disease pulmonary hypertension (CTEPH), and 10 with normal pulmonary pressures, they found that resistance and compliance followed a predictable inverse, hyperbolic relationship. Any change in resistance was met by an inverse change in compliance ( Fig. 5 ). This is notably different from the systemic circulation, where compliance can change independent of resistance, e.g., aging. 22, 23 In addition, the characteristic impedance appeared to be principally determined by mPAP, since patients with IPAH (and higher mPAP) had higher Z C than those with CTEPH (lower mPAP). Although patients in the latter group presumably had proximal vessel narrowing, overall compliance was lower, which appeared to be the major determinant of Z C . The lumped compliance parameter was estimated three different ways in Lankhaar's 21 study, including stroke volume divided by pulse pressure (SV/PP), which is the simplest clinical measure. 24 This lumped parameter should take into account contributions of wave reflections and pulsatile load because of the inclusion of pulse pressure in its denominator. When wave reflections return during RV systole, RV systolic pressure must increase to exceed this added load and eject blood, thereby increasing the pulse pressure. As pulse pressure increases, SV/ PP (or lumped compliance) decreases. It is fair to note that this lumped parameter does not account for blood leaving the lung through the microcirculation. 25 In a subsequent study by the same group, the R-C relationship did not change in 62 patients (52 with IPAH and 10 with CTEPH) before and after treatment of PH. 26 Changes in heart rate appeared to have little meaningful effect on the relationship. 27 Our group found a similar inverse, hyperbolic relationship in studying more than 1,000 patients with suspected or known pulmonary arterial hypertension, all of whom by definition had a pulmonary capillary wedge pressure (PCWP) of ≤15 mmHg. 28 We showed that this relationship was unaltered by interstitial lung disease and systemic sclerosis and only minimally affected by age. 19, 28 The inverse, hyperbolic relationship between resistance and compliance implies that the RC time (the product of resistance Â compliance) in the lung vasculature is constant. Physiologically, the RC time provides a time constant for the pulmonary arterial diastolic pressure decay. The constant RC time is in stark contrast to the systemic circulation, where resistive and capacitive load can vary independently of each other and the RC time is quite variable. 28 The constant RC time in the pulmonary circulation may be explained by one of two scenarios. Sniderman and Fitchett 29 suggested that an increase in PVR leads to an increase in pressure within the vasculature, which in turn leads to a decrease in compliance as a result of the nonlinear pressure-diameter relation of the pulmonary arteries. 27 The second scenario, suggested by Saouti et al., 25, 30 relates to the differences in geographical distributions of compliance in each circulation. In the systemic circulation, the proximal aorta accounts for most of the total arterial compliance, whereas the small, distal vessels are responsible for most of the resistance (Poiseuille's law states that resistance is inversely proportional to the radius of the vessel to the 4th power). 22, 23 In the lung, the distal arteries and arterioles that are responsible for resistance also hold most of the capacitance properties of the pulmonary circulation. In fact, the Vonk-Noordegraaf group 25, 30 estimated that proximal lung vessels may count for only ∼20% of the total vascular compliance. The distal distribution of compliance may be explained by the large number of distal arterioles in the lung, compared to the systemic circulation (roughly 10 times as many), and therefore the increase blood storage capacity at the peripheral lung. 25 These differences between the pulmonary and systemic vasculatures are supported by a prior study authored by Yin et al. 31 His group showed, via impedance spectra analysis, that nitroprusside lowered systemic vascular resistance and mean arterial pressure without changing the characteristic impedance, yet in the lung, lower PVR and mPAP were accompanied by lower characteristic impedance. Work by Kuo et al., 32 who have developed a model of proximal pulmonary compliance in the sheep, provides further support. A chamber that allows manipulation of compliance was surgically connected to the very proximal pulmonary artery, followed by an in-series variable-resistance clamp, and then reconnected to the distal pulmonary artery and the native lungs. Therefore, distal compliance (lung) of the system remained intact. The authors showed that decreasing proximal compliance to 0 led to only a very small decline in cardiac output. On the other hand, cardiac output could be markedly reduced by increasing resistance. 32 Another consequence of the pulmonary R-C relationship is the proportionality of pulmonary pressures. As long as the left atrial pressure is constant and low, there is a linear relationship between mPAP, systolic PAP, and diastolic PAP. 25, 27, 33 Pulse pressure is therefore also proportional to mPAP. From this proportionality, it should follow that the pulsatile (or oscillatory) load should be a predictable portion of the resistive load. Saouti et al. 34 have estimated that the RV oscillatory power is 23% of the total hydraulic RV power in patients with and without PH. In keeping with this finding, total RV power can be estimated from mean power, which is easily calculated from standard right heart catheterization measures (total power ¼ 1.3 Â mean power; mean power ¼ mPAP Â cardiac output). 34 The pulmonary R-C relationship and its implications for predictable pulsatile loading may suggest that more cumbersome impedance measurements are not necessary in pulmonary arterial hypertension. There are, however, several scenarios where the R-C relation may not hold true.
EXCEPTIONS TO THE RULE Elevated left atrial pressure
The effects of rising or falling left atrial pressure on human RV afterload were studied in a series of experiments by Kussmaul and Laskey 4,6,35,36 using pulmonary artery input impedance. To study the effect of a rising PCWP, the left anterior descending artery was temporarily occluded in 9 patients undergoing coronary angioplasty. 6 All but one of these patients had normal resting pulmonary pressures (mPAP < 25 mmHg). The rise in PCWP was out of proportion to the rise in mPAP (13 vs. 9 mmHg), leading to a decreased transpulmonary gradient. Although cardiac output fell slightly, PVR (Z 0 ) still decreased by approximately 35%. This PVR decline was attributed to the passive pressure recruiting more "resistance" vessels, which is supported by animal studies of acute left atrial pressure elevations. 8, 37 Despite lower PVR, Z 1 actually increased by ∼50%, suggesting increases in pulsatile afterload. Notably, heart rate remained unchanged. The source of the increased pulsatile load was less clear. The f MIN remained unaltered, suggesting that there was no change in pulse wave velocity or distance to the reflection sites. 6 Similarly, the characteristic impedance Z C remained un-changed. Assuming that no change occurred during angioplasty to alter blood viscosity (which would change the inertia), the authors suggested that either the proximal pulmonary vessels both stiffened and dilated or that neither occurred. In a second study, the same group measured impedance before and after mitral valvuloplasty in 16 patients with severe mitral stenosis. 35 In this cohort, PVR and Z C were unchanged after valvuloplasty, but the associated fall in PCWP coincided with a fall in significant decrease in Z 1 .
Studies of acute, mechanically induced pulmonary venous hypertension in dogs have yielded similar results: a falling PVR despite an overall rise in mPAP and no statistical difference in Z C (Z 1 was not reported). 8 A model of chronic venous PH, on the other hand, led to an increased PVR and an expected rise in Z C , compared with controls. 8 As mentioned above, a study of pulmonary arterial hypertension patients by Lankhaar et al. 21 has shown that Z C closely follows mPAP because of its effect on overall lung vasculature compliance. Therefore, in pulmonary venous hypertension, it appears that the effects of an elevated PCWP on mPAP may balance out, or "counter," the lower PVR; otherwise, characteristic impedance should actually fall. It should be noted that the above studies investigated those patients with normal or mildly elevated resting pulmonary pressures. It has been suggested that only those patients with less severe PH retain the ability to recruit pulmonary vascular beds during acute increases in left atrial pressure. 35, 38 This ability may be lost as the chronicity and severity of PH increase, and therefore, elevations in left atrial pressure may not lower the transpulmonary gradient or PVR. In this case, we would expect to see elevations in both Z 1 and Z C with increasing left atrial pressure.
Using the unique pulmonary R-C relationship, our group recently showed that elevations in left atrial pressures lead to lower compliance than one would predict from the PVR alone. This causes a shift in the R-C curve to the left (Fig. 6) and a lower RC time, suggesting increased pulsatile afterload. 28 This shift in the R-C curve and lower RC time held true in patients with both acute and chronic PCWP elevations. The RC time declined in proportion to the degree of PCWP elevation, and in situations of markedly elevated PCWP, the lowering of the RC time was quite dramatic. 28 In a group of patients with advanced heart failure, Dupont and colleagues 39 illustrated that heart failure treatment (which lowered PCWP) increased compliance more than one would predict from the associated fall in PVR, thereby increasing the RC time constant and reducing pulsatile load. They also showed that compliance (which essentially bundled the effects of PVR and PCWP) was a better predictor than resistance of RV dysfunction and long-term prognosis.
Chronic thromboembolic disease pulmonary hypertension (CTEPH)
The afterload imposed on the right ventricle in chronic thromboembolic disease-in particular, when proximal obstruction is present-remains somewhat controversial. Several studies of pulmonary input impedance in animals have suggested elevations in low-(Z 1 ) and high-frequency (Z C ) impedance in models of CTEPH (external pulmonary artery constriction or ensnarement). 40, 41 Castelain 42 noted earlier return of wave reflections by analysis of high-fidelity pulmonary artery waveforms. In contrast to these findings, data from the Vonk-Noordegraaf group, 30 obtained from 23 CTEPH patients, suggested that the pulmonary RC time remained constant within each individual lung (whether the lung was subject to high or low flow) as well as when both lungs were considered together. In that study, the pulse pressure method (not SV/PP) was used to estimate compliance; it typically yields lower values than other methods of compliance estimation, including the SV/PP method. In addition, total pulmonary resistance (mPAP/cardiac output) was used in calculation of the RC time constants. 30 More recently, Mackenzie Ross and colleagues 43 published a large retrospective analysis comparing RC times in IPAH (n ¼ 78), proximal CTEPH (n ¼ 91) before and after pulmonary endarterectomy (PEA), and distal CTEPH (n ¼ 53). Proximal CTEPH was defined as patients who achieved normal mPAP of ≤25 mmHg after PEA. RC times were lowest in the proximal-CTEPH group (0.49 AE 0.11 s), followed by the distal-CTEPH group (0.55 AE 0.12 s), and highest in the IPAH group (0.63 AE 0.14 s). These differences remained significant after adjustment for age, PCWP, and mPAP. The same methods for calculating compliance (SV/PP) and PVR (mPAP−PCWP/cardiac output) were used in all patients. These data seem plausible, as some decline in RC time with proximal obstruction would be expected, since approximately 20% of the total compliance does reside in the proximal vessels. 25 Overall, the decline in RC time was modest. Perhaps most interesting is that the RC time actually decreased to a greater extent in those patients who underwent successful PEA (0.38 AE 11 s). Despite lowering of their mPAP to ≤25 mmHg, compliance did not rise to match the decline in resistance. The reason for the decline in RC time is unclear, but the authors speculate that structural changes after surgical PEA (removal of intima and media and/ or subsequent healing) may alter the compliance properties. 43 Normal pulmonary pressures Studies investigating the RC time in the normal pressure range have typically consisted of a small number of patients, and most have used total pulmonary resistance rather than PVR to measure the RC time. 21, 26 More indepth examination of the RC time in our study of more than 1,000 patients with known or suspected PAH reveals a lower RC time in patients with normal mPAP (<25 mmHg) and normal PVR (<3 Wood units), compared to those with higher mPAP and higher PVR (Table 1; Fig. 7) . The median RC time values at low mPAP and low PVR are similar to those reported by MacKenzie Ross et al. 43 after PEA. The reason for the lower calculated RC time at low pulmonary pressures is unknown, but there are several possibilities.
The so-called waterfall effect in the lung occurs when either the alveolar pressure or the elastic/muscular recoil of the vessel wall itself exceeds the left atrial pressure. The pressure has been termed the "critical" pressure. When this occurs, left atrial pressure is no longer the downstream pressure affecting resistance, 31, 37 and therefore using the PCWP to calculate PVR would lead to an overestimation of true resistance. 44 However, this phenomenon would actually lead to an erroneously high RC time rather than a lower one.
It is also possible that the effects of measurement error, particularly for the PCWP, lead to more pronounced effects at low pulmonary artery pressures. Consider two patients, both with a cardiac output of 5 L/min and a true left atrial pressure of 5 mmHg. Patient 1 has an mPAP of 15 mmHg, and patient 2 has an mPAP of 40 mmHg. The PCWP is erroneously measured at 10 mmHg because of incomplete wedging of the pulmonary artery catheter. Patient 1 will have a measured PVR of 1 Wood unit instead of 2 Wood units, whereas patient 2 will have a measured PVR of 6 versus 7 Wood units. Because of the steepness of the R-C curve at lower resistances, the effect on the RC time will be much greater for patient 1.
Another potential contributor is that pulmonary vasculature may reach a "maximal" compliance, such that further decreases in resistance (at already low resistances) will have no effect on overall compliance. Thus, as resistance declines, compliance is constant, lowering the RC time. We see the same effect at very high resistances, where compliance never actually falls to 0. This requires a constant in the hyperbolic decay equation. 19 Finally, at lower mean pressures, compliance and pulsatile afterload may constitute a more important fraction on the total afterload. This has been suggested by some studies, including Milnor's 2 original impedance measures in humans. 45 In Milnor's 2 3 subjects without PH, the pulsatile component accounted for approximately one-third of the total power, whereas it accounted for 24% in the patients with PH. Others have suggested that pulsatile load may account for up to 50% at normal pressures. 29 Despite the possible increased contribution of pulsatile load, the total RV load likely remains low because of low pulmonary pressures and resistance.
Potential unknown determinants
Despite the overall consistent R-C relationship, there remains significant scatter around the hyperbolic curve fits and RC times, even in WHO group I PH. 19 It is possible that a lot of this scatter is due to measurement error, but it also remains possible that other factors that have yet to be discovered affect compliance independent of resistance.
SUMMARY
In summary, proper assessment of RV afterload is important when treating a patient with PH. Because of the unique relationship between resistance and compliance in the lung vasculature, the total RV afterload can be predictably estimated from mean resistance in most cases. In cases of WHO group II PH, CTEPH, and possibly low or borderline pulmonary pressures, the pulsatile component of afterload appears higher than that predicted by mean resistance. In WHO group II PH patients, the RC time can be lowered substantially, suggesting a robust increase in RV afterload. In CTEPH, this effect appears more modest. In situations of normal or near-normal pulmonary pressure, it is likely that the overall load remains low. How best to quantify the effects of PCWP on pulsatile and total load requires further study, and other methods to effectively measure afterload in this population may be useful. Finally, the use of invasive pressure-volume assessment to understand coupling between RV contractility and the load imposed by the vasculature is feasible. A noninvasive strategy to measure coupling would be clinically useful and should be the direction of future research.
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